radiocarbon dating basal-peat samples (e.g., Jelgersma, Sea-level research in several submerging coastal regions has 1961; Bloom and Stuiver, 1963; Belknap and Kraft, 1977; traditionally been based on 14 C dating of basal peats that overlie a Van de Plassche, 1982a Van de Plassche et al., 1989 ; compaction-free substratum and can be related to paleo-(ground)- Gehrels and Belknap, 1993; Denys and Baeteman, 1995; water levels. Provided that an unequivocal relationship between Kiden, 1995; Gehrels et al., 1996; Kearney, 1996). Such (ground)water level and sea level can be assumed, this approach samples directly overlie a relatively consolidated substratum contains two sources of uncertainty: (1) the paleoenvironmental which is assumed to be essentially compaction-free, and the Berendsen, 1982; Van Dijk et al., 1991; Törnqvist, 1993) .
INTRODUCTION
of error. First, the GWL-relationship, and hence the SLrelationship of such samples, is not always straightforReconstruction of the rise of Holocene relative sea level (RSL) in submerging coastal areas is usually carried out by ward. For instance, frequently used Phragmites peat may
FIG. 3.
Age-altitude data for the Zandberg dune according to Van Dijk et al. (1991) , plotted versus 14 C yr B.P. 0 Å Dutch Ordnance Datum. Indicated are the central values (vertical bars), and the 1s-confidence interval (black boxes). For sample numbers see Table 2 . represent GWLs well above the land surface (Kidson, good example of problematic dating results, possibly due to this type of contamination, was provided by one of the 1982; Van de Plassche, 1982a) . Second, recent SL research in The Netherlands (Gotjé, 1993 ; Van de Plassche, sites of Van Dijk et al. (1991) . The inconsistent time series from the eolian dune known as the Zandberg (Figs. 1 and 1995) has cast doubt on the reliability of 14 C ages of bulk basal-peat samples, mainly because they may be contami-3) was partly attributed to difficulties in establishing a good GWL-relationship for their samples. nated with older carbon from underlying paleosols. A Holocene (ground) water (GW) gradient lines for the Rhine-Meuse Delta (Van Dijk et al., 1991 , slightly modified after Van de Plassche, 1995) , based on approximately 100 basal-peat 14 C ages. 0 Å Dutch Ordnance Datum. Ages are in 14 C yr B.P. Black circles represent coastal MHW (mean high water) (Van de Plassche, 1982 .
FIG. 2.
Radiocarbon dating of carefully selected botanical or zooEach of the six samples were cut into 1-cm-thick slices. Part of the material was used for loss on ignition (LOI) logical macrofossils by means of accelerator mass spectrometry (AMS) yields considerably more accurate results than measurement and pollen analysis; the remainder (Ç28 ml per sample) was treated with 5% KOH overnight at room conventional bulk peat ages (Törnqvist et al., 1992) . The present study aims at an improved methodology for dating temperature prior to sieving over a 150-mm screen, and subsequently subjected to macrofossil analysis. Two seclocal rise of GWL by AMS 14 C dating of botanical macrofossils. This approach not only brings significant advantages in tions (Zandberg III and VI) were screened for key pollen taxa to validate the vegetation reconstruction based on the improved age accuracy, as recently demonstrated for basal peats by Gehrels and Belknap (1993) and Gehrels et al. macrofossil diagrams. After interpretation of the macrofossil diagrams (Figs. 5A -5F) in terms of vegetational (1996) , but also allows a better-defined GWL-relationship (altitude), and hence a reduction of the vertical indicative succession and paludification (see below), 14 C samples were selected and submitted for dating at the Robert J. range (Van de Plassche, 1986; Behre, 1986) . We have carried out paleoecological reconstructions (macrofossil analysis) of Van de Graaff Laboratory, Utrecht University ( Van der Borg et al., 1987) . basal-peat sections representing the paludification of the sampling sites in order to pinpoint the level of paludification more accurately. A comparable paleoecological approach RESULTS was followed by Gotjé (1993) . However, because he used conventional 14 C dating of bulk material, uncertainties in the Stratigraphy age determination remained. Our detailed paleoecological Our cross section (Fig. 4) shows a sloping dune surface approach is also comparable to the large number of recent with some minor undulations. The top of the dune sand is RSL studies based on high-resolution pollen, diatom, foramiadmixed with clay, presumably deposited during extreme niferal, and other microfossil records (e.g., Fletcher et al., floods prior to the rise of the GWL (cf. Van de Plassche, 1993; Nelson et al., 1996; Shennan et al., 1996 Shennan et al., ), although 1980b Van Dijk et al., 1991) . The Holocene cover conthose studies have typically not been applied to compactionsists of a thin (õ1 m) clastic bed without admixed sand free basal peats.
(predominantly humic clay), overlain by Ç1 m of peat We selected the Zandberg dune previously studied by Van and up to 3 m of clastic sediment. Plant remains that could Dijk et al. (1991) to apply the new approach in a setting be identified in the field indicate that the peat covering where conventional methods failed (Fig. 3) . It should be the dune sand was primarily formed in an Alnus swamp, kept in mind that the results from that area merely have an which was later replaced by a Phragmites-dominated fen indirect SL-relationship due to a river-gradient effect rein the northwestern part of the cross section. The basal sulting from the relatively upstream location of the study part of the overlying clastic bed is a flood-basin deposit area. Nevertheless, the methodological implications are that contains two well-developed vegetation horizons (paequally significant for areas closer to the coast, where the leosols), and a thin bed of amorphous peat or humic clay. GWL-SL relationship is more direct (Fig. 2) .
The latter tapers out southeastward where it approaches the eolian sand body. The upper part of the clastic bed
METHODS
consists primarily of natural-levee deposits of two Late Holocene Rhine distributaries (the Ravenswaay and We hand-drilled approximately 20 new boreholes on the Nederrijn-Lek systems; Berendsen, 1982; Verbraeck, relatively steep northern flank of the Zandberg dune (Figs. 1984) . We collected samples at topographic highs, verti-1 and 4). Our cross section is located in the same line of cally separated by Ç40 cm (Fig. 4) . section where Van Dijk et al. (1991) collected their data, but it provides considerably more detail. We sampled the Paleoecology transition from dune sand to organic deposits (peat or humic clay), thereby avoiding depressions in the dune morphology
The botanical composition of the peats and underlying humic clays, as determined in the field, suggests a transito circumvent local, SL-independent early peat growth (cf. Jelgersma, 1961; Van de Plassche, 1982a) . We collected six tion from eolian deposits to a wood-dominated environment (Alnus) at most sampling sites, with the exception of 15-cm-long samples using a 6-cm-diameter gouge (Oele et al., 1983) . The sampling sites were leveled using two bench-section Zandberg V, where primarily herbaceous remains (Phragmites) cover the Pleistocene substratum. The tranmarks. We estimate our altitudinal error during leveling and gouging at {2 cm. The altitudinal error during sampling of sition from dune sand to organic deposits shows a gradual decrease of sand content over vertical the data set presented by Van Dijk et al. (1991) is likely to be higher (H. J. A. Berendsen, personal communication, intervals of 6 -10 cm. There are several possible causes for this phenomenon: 1996), and is estimated here to be {5 cm.
FIG. 4.
Cross section over the northern flank of the Zandberg dune, and location of samples for macrofossil analysis and 14 C dating. 0 Å Dutch Ordnance Datum textural nomenclature after Nederlandse Normalisatie-instituut (1989); lithostratigraphy after Berendsen (1984) and Törnqvist et al. (1994). 1. Roots have penetrated from higher levels into the sandy
The ecological requirements of most of the recorded taxa (Oberdorfer, 1983; Weeda et al., 1985 Weeda et al., , 1987 Weeda et al., , 1994 Table subsoil . This must have started prior to paludification of the sites, but particularly after the rise of the GWL rootlets and 1) point to wet eutrophic conditions, as expected in an area that is strongly influenced by nutrient-rich river water. Variwoody root material were preserved.
2. Bioturbation also played a role. Prior to paludification, ous plant communities (descriptions based on Westhoff and Den Held, 1969; Moore, 1984) can potentially develop dursoil formation resulted in an A-horizon of dune sand with admixed clay and decomposed organic material. The process ing the initial, dynamic phase of regular flooding and associated fluctuating GWLs, including Bidentetalia (annual herb of bioturbation most likely continued during the initial stage of paludification. communities), Phragmitetea (reed-dominated fens), Filipendulion (tall, perennial herb communities), and Salicion albae 3. Some sand may have been washed downslope after paludification, particularly on the relatively steep parts of (willow swamps). A subsequent succession to Salicion cinereae or Alno-Padion (alder-willow swamps) represents the the dune. establishment of more stable conditions. Alder-willow coeval distributaries (Van der Woude, 1985) . Because observations in modern analogs (Clerkx et al., 1994) indicate that swamps are usually somewhat less nutrient-rich due to accumulation of rain water during the wet season. Species like the land surface in such environments occurs in a narrow range (õ20-30 cm) above average low GWL, whereas anMyrica gale, Carex rostrata, and Ranunculus flammula, typical of mesotrophic conditions, may be present in shallow nual GWL-fluctuations are õ20-40 cm, we consider this environment the best proxy for paludification (Table 1) . pools in such environments. Previous paleoecological work in the Rhine-Meuse Delta has demonstrated the abundance Screening of the pollen indicated high numbers of Salix pollen throughout the sections Zandberg III and VI. Salix is of extensive Alnus-dominated swamps at some distance from
FIG. 5-Continued
known to produce very few identifiable macrofossils, even and stable paludification, can be inferred from many of the diagrams and will be described in more detail below. Taxa when pollen data demonstrate its local presence (Pals et representing drier habitats that must have existed prior to al ., 1980; Van Geel et al., 1983) . We therefore assume an the rise of the GWL have hardly been preserved. The followimportant role of Salix swamps during the dynamic phase ing short description and interpretation of the macrofossil prior to permanent paludification relative to the three other diagrams is given for the six sites (also see Table 1 ). communities indicative of such environmental conditions, which probably only occurred as small patches. A general Zandberg I (Fig. 5A ). Sand-rich samples representing vegetational succession which is a response to initial occa-the prepaludification phase are characterized by the presence of sclerotia of the soil fungus Cenococcum geophilum. sional flooding of the sites, followed by a more permanent
Alisma plantago-aquatica, Typha, as well as gemmulae of Zandberg II (Fig. 5B ). Also at this site samples from the sandy subsoil contained sclerotia of Cenococcum geophilum. Salix swamp. However, we consider the paleoecological eviInundated during fall, winter, and spring; at clayey, silt-rich soils.
dence too weak to obtain a meaningful 14 C age from this 2. Reed-fen communities (Phragmitetea). Waterlogged, sometimes section.
semi-floating, pioneer communities of mostly eutrophic sites. Succeeding into Salicion cinereae; at more exposed sites succeeding into Zandberg V (Fig. 5E) with some other taxa (Alisma plantago-aquatica, Oenanthe 3. Tall, perennial herb communities (Filipendulion). Wet, 2-2.5 m aquatica) that indicate wet, eutrophic pioneer conditions and high communities in eutrophic environments, with a GWL slightly below a fluctuating GWL (Weeda et al., 1985) , dominate the levels the land surface. At exposed, frequently inundated sites a rather stable stage; at sheltered sites succeeding into Salicion cinereae. site no Alnus peat covers the dune sand (Fig. 4) . Therefore, the presence of an Alnus-dominated swamp with, among other species, Alisma plantago-aquatica, Oenanthe aquatZandberg III (Fig. 5C) . The interval 0.83-0.85 m represents the transition from relatively dry conditions to the es-ica, Solanum dulcamara, Carex riparia, Urtica dioica, and freshwater sponges (gemmulae) A characteristic usually found in the six diagrams is the presence of a dynamic phase resulting from regular floods, particularly well-developed in the sections Zandberg IV and V. This is related to the frequent occurrence of admixed clay in the uppermost eolian deposits, which is likely due to river flooding prior to a permanent rise of the GWL (cf. Van Dijk et al., 1991) . This clay layer (just as the overlying humic clay) was deposited by the Maurik system, a distributary at only 1 km distance from the study area (Verbraeck, 1984) which was active prior to Ç5300 yr B.P. (Berendsen, 1982; Hofstede et al., 1989; Van Dijk et al., 1991) . We propose that fluctuating GWLs associated with this Rhine-distributary controlled the development of plant communities in its direct vicinity. The transition to an Alnus-dominated swamp indicates less dynamic conditions, more suitable for inferring GWL-relationships, so this environment was our target for obtaining 14 C ages.
C Ages
We attempted, as far as possible, to select macrofossils for 14 C dating that constitute the most obvious proxy for paludification with minimal GWL fluctuations, i.e., the onset of development of an Alnus-Salix swamp. Our dated samples most likely represent an altitude slightly below mean GWL, because preservation of organic matter is unlikely when the land surface is above GWL more than half the year. Observations in modern Alnus swamps (Clerkx et al., 1994) , as discussed above, provide evidence of a consistent position of the land surface relative to GWL. We consider a vertical indicative range of 20 cm to be a reasonable estimate for this ecosystem, and have therefore incorporated a FIG. 6. GWL rise at the Zandberg dune according to (A) the present vertical uncertainty of {10 cm in our error boxes (Fig. 6A) . study, and (B) Van Dijk et al. (1991) . 0 Å Dutch Ordnance Datum. Each By dating macrofossils we avoided contamination by roots sample was calibrated to calendar years according to Van der Plicht (1993) and Törnqvist and Bierkens (1994) . Indicated are the median of the probabilor organic substances from the underlying soil. Previous ity distributions (vertical bars), the 1s-confidence interval (black boxes), work in the Rhine-Meuse Delta has shown that the potential and the 2s-confidence interval (gray boxes). The thickness of each sample risk of dating redeposited macrofossils is very small (Törn-is also indicated: a {12 cm error has been added in (A) ({2 cm for errors qvist et al., 1992) . We selected 14 C samples from all sites, during sampling, {10 cm for the vertical indicative range), and a {5 cm with the exception of section Zandberg IV, where no clear error in (B) (only representing errors during sampling; a vertical indicative range could not be established due to the uncertain indicative meaning of succession due to paludification could be inferred. The 14 C the material). For sample numbers see Table 2. ages (Table 2) were obtained for very small samples ranging in size from 28 to 540 mg. As a result, the standard deviation of the smallest sample (Zandberg I-1) is very large. Despite through the data points (Fig. 6A) and shows a gradual decrease in the rate of GWL rise, similar to what can be obthis, the 14 C measurements have resulted in a stratigraphic order consistent with sample altitudes (Fig. 6A) ; thus, our served in RSL curves for the southern North Sea Basin. Our regression analysis yielded a correlation coefficient of 0.98, results constitute a significant improvement over those obtained by Van Dijk et al. (1991) . A curve representing the considerably better than the value obtained previously (0.66; Van Dijk et al., 1991) . rise of local GWL was calculated by an exponential function 
DISCUSSION
would occur in such data sets is not supported by the new Zandberg evidence. Three samples (Zandberg 3, 4, and 6) Implications for Sea-Level Research are up to 1000 cal yr younger than our GWL curve. Gehrels and Belknap (1993) reported AMS basal-peat ages of botaniWe believe that uncertainties concerning age accuracy cal macrofossils up to 1000 14 C yr older than ages for bulk and GWL-relationship that are inherent in the conventional material, which was explained by percolation of humic acids basal-peat dating strategy can be reduced with this new ap-and/or contamination by vertically penetrating roots. Howproach. AMS 14 C dating of macrofossils is significantly more ever, age differences of that magnitude between bulk peats accurate than dating of bulk peat samples (Törnqvist et al. , and macrofossils have never been observed in the Rhine-1992) , and thus reduces the horizontal error in age-altitude Meuse Delta (Törnqvist et al., 1992) , particularly not in plots. The vertical error is reduced because paleoecological rapidly (ú5 cm/century) accumulating peats. Anomalously analysis permits an improved GWL-relationship (cf. Van de young basal-peat ages have been noted before in the RhinePlassche, 1986) and a relatively precise sampling of the Meuse Delta ( Van de Plassche, 1982b; Törnqvist, 1993) , paludification surface; hence, the combination of the two but could not be adequately explained. approaches can reduce the size of error boxes of SL-index
We do not exclude the possibility that the anomalous repoints. It is our impression that these uncertainties have sults of Van Dijk et al. (1991) might be a result of disturbeen considerably underestimated in the past, resulting in bances during the sampling process itself. On several occaunrealistically small error boxes. Since our GWL-error boxes sions, we have noticed problems with the Dachnowsky samincorporate essentially all uncertainty, we suggest that their pler (Oele et al., 1983) , which was used during that study at size is more realistic. In addition, our approach is not just the Zandberg (H. J. A. Berendsen, personal communication, limited to peats, but also permits the establishment of realis-1994). Relatively consolidated sediment, like the organic tic age-altitude data for humic clays.
deposits overlying the Zandberg dune, encounter considerWhen our new GWL curve (Fig. 6A) is compared with able friction in the Ç5-cm-diameter metal barrel of the Dachthe evidence of Van Dijk et al. (1991) , there is a tendency nowsky sampler. The possibility should therefore be considfor their data points to be too young, with the exception of ered that only the upper part of the intended section was sample Zandberg 7 which is too old (Fig. 6B) . As a result, sampled, and the lower part of the peat (the true basal peat) the suggestion that systematic contamination (aging) by admixed soil material (Gotjé, 1993; Van de Plassche, 1995) was pushed aside during drilling. Erroneous sampling of line by 15 cm, whereas the 4950-line remains more or less unchanged. The revised GW-gradient lines exhibit a knickpoint, downstream of the Zandberg, which is more pronounced with increasing age. We therefore believe that differential crustal movement is the most likely explanation for this phenomenon. As mentioned, this depends on the reliability of the Leerdam and Dodewaard data sets (for locations, see Fig. 8 ). Most bulk basal peats that have been dated in areas west of the Zandberg consist of Alnus peat, in view of the dominance of Alnus swamps in these areas (Van der Woude, 1985) . Although the GWL-relationship established by those studies is less accurate than ours, major errors due to a large vertical indicative range are unlikely. The GWL curve for Leerdam is based on a consistent sequence of ages (r Å 0.99; Van Dijk et al., 1991) , and there is no reason to question its validity. The Dodewaard data consist of compaction-free depositional levels of flood-basin clays (Steenbeek, 1990) , which are assumed to represent a slightly higher level than average GWL (Van Dijk et al., 1991) . This lends support to the inferences made above, since if the true GWL at Dodewaard is located below the presently assumed lines, this would only amplify the offset of the GW-gradient lines downstream from the Zandberg. peat well above the organic-clastic transition might explain part of the age differences. The implication is that a comparison between our AMS data and the older conventional ages in terms of contamination by soil material is completely overruled by this effect. New work focusing on such a comparison (cf. Gehrels and Belknap, 1993 ) is now in progress.
Neotectonics
Recent work has shown the considerable potential of RSL data to allow inferences to be made of Holocene neotectonism, particularly along the Pacific coast of North America (Nelson et al., 1996) . As will be shown, SL-controlled GWLs can be used in a similar way. We have used the new GWL curve for the Zandberg to reevaluate the Holocene GW-gradient lines for the eastern Rhine-Meuse Delta of Van Dijk et al. (1991) . Our GWL curve covers three of their gradient lines (6450, 5950, and 4950 cal yr B.P.) . When the (Fig. 7) , assuming that assumed continuations of principal displacement zones into the Rhinethe data of Van Dijk et al. (1991) for the neighboring sites Meuse Delta (Geluk et al., 1994; Verbraeck, 1984) , modified according to at Dodewaard and Leerdam are correct (see below), the the new data. PBFZ Å Peel Boundary Fault Zone; RVG Å Roer Valley Graben; PH Å Peel Horst.
6450-line must be displaced upwards by 45 cm and the 5950-since the Late Oligocene (Geluk et al., 1994) , is a conspicu-dating results, and thus provides a more realistic assessment of error boxes of GWL (and, hence, SL) index points. This ous tectonic feature in The Netherlands. Normal dip-slip movement along this fault caused the Roermond earthquake method is not limited to peats, but can also be successfully applied to humic clays. This approach therefore opens new of 1992, one of the most severe earthquakes in northwestern Europe in historical time (Van Eck and Davenport, 1994) . perspectives for high-resolution reconstruction of SL rise, including the detection of subtle SL fluctuations, and intraTectonic maps of Van Montfrans (1975) and Verbraeck (1984) suggest that the northwestern continuation of the Peel coastal GW gradients caused by local differences in tidal range (cf. Van de Plassche, 1982a . Boundary Fault is represented by a number of downstepping en echelon faults, the Zandberg being located in the Roer 2. The new GWL curve for the Zandberg requires a revision of the GW-gradient lines of Van Dijk et al. (1991) , Valley Graben. Our evidence suggests that the principal displacement zone of the Peel Boundary Fault (cf. Van den indicating a position of the Peel Boundary Fault Zone west of the study area. GW-gradient lines need increasing adjust- is located west of the Zandberg. Gradual relative uplift of the Peel Horst throughout the Holocene is ment with age, and thus reflect neotectonic activity during the Holocene. High-resolution reconstruction of the rise of compatible with the observed increased offset of GW-gradient lines with increasing age.
GWL can thus contribute to a more detailed understanding of neotectonics, and is a potentially powerful technique for Whereas the revisions of GW-gradient lines based on the new Zandberg evidence are rather subtle, other, more com-the mapping of faults and estimating rates of fault displacement in areas where other techniques are less easily applied pelling evidence suggesting differential crustal movements in the Rhine-Meuse Delta during the Holocene has recently (cf. . A similar approach is feasible for the identification of larger scale crustal movements like become available. Weerts and Berendsen (1995) published two basal-peat ages from the Bommelerwaard in the southern differential isostatic responses, including forebulge displacements (cf. Gehrels and Belknap, 1993; Denys and Baeteman, part of the Rhine-Meuse Delta (Fig. 8) . These plot up to 2 m below the GW-gradient lines of Van Dijk et al. (1991 Kiden, 1995) . (Fig. 7) and therefore indicate significant subsidence compared to the central axis of the delta. Since the basal-peat 1991; R. E. Molendijk, personal communication, 1996) . Lorenz et al. (1991) 
